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GPR55 is a putative cannabinoid receptor, and L-a-lysophospha- 
tidylinositol (LPI) is its only known endogenous ligand. We in- 
vestigated i) whether GPR55 is expressed in fat and liver; 2) the 
correlation of both GPR55 and LPI with several metabolic param- 
eters; and 3) the actions of LPI on human adipocytes. We ana- 
lyzed CB1, CB2, and GPR55 gene expression and circulating LPI 
levels in two independent cohorts of obese and lean subjects, 
with both normal or impaired glucose tolerance and type 2 di- 
abetes. Ex vivo experiments were used to measure intracellular 
calcium and lipid accumulation. GPR55 levels were augmented in 
the adipose tissue of obese subjects and further so in obese pa- 
tients with type 2 diabetes when compared with nonobese sub- 
jects. Visceral adipose tissue GPR55 correlated positively with 
weight, BMI, and percent fat mass, particularly in women. He- 
patic GPR55 gene expression was similar in obese and type 2 
diabetic subjects. Circulating LPI levels were increased in obese 
patients and correlated with fat percentage and BMI in women. 
LPI increased the expression of lipogenic genes in visceral adi- 
pose tissue explants and intracellular calcium in differentiated 
visceral adipocytes. These findings indicate that the LPVGPR55 
system is positively associated with obesity in humans. Diabetes 
61:281-291, 2012 




In addition to their ability to store triacylglycerol, 
adipocytes act as endocrine secretory cells (1). A 
growing number of adipocyte-derived factors have 
been described, and their contribution to the path- 
ophysiology of metabolic syndrome is being investigated 
(2). Patients with type 2 diabetes exhibit increased ac- 
tivity of the endocannabinoid system in visceral fat and 
higher concentrations of endocannabinoids in the blood, 



From the department of Diabetes, Endocrinology, and Nutrition, Institut 
d'Investigacio Biomedica de Girona Catalonia, Centro de Investigacion Bio- 
medica en Red Fisiopatologfa de la Obesidad y Nutricion, Girona, Spain; the 
2 Metabolic Research Laboratory, Clmica Universidad de Navarra, University 
of Navarra, Centro de Investigacion Biomedica en Red Fisiopatologfa de la 
Obesidad y Nutricion, Pamplona, Spain; the institute of Medical Sciences, 
University of Aberdeen, Aberdeen, Scotland, U.K.; the 4 Department of 
Physiology, School of Medicine, University of Santiago de Compostela- 
Instituto de Investigacion Sanitaria, Centro de Investigacion Biomedica 
en Red Fisiopatologfa de la Obesidad y Nutricion, Santiago de Compos- 
tela, Spain; the 5 Department of Cell Biology, Physiology, and Immunol- 
ogy, Instituto Maimonides de Investigaciones Biomedicas de Cordoba, 
Centro de Investigacion Biomedica en Red Fisiopatologfa de la Obesidad 
y Nutricion, Cordoba, Spain; and the 6 Rowett Institute of Nutrition and 
Health, University of Aberdeen, Aberdeen, Scotland, U.K. 

Corresponding author: Ruben Nogueiras, ruben.nogueiras@usc.es. 

Received 17 May 2011 and accepted 1 November 2011. 

DOI: 10.2337/dbl 1-0649 

This article contains Supplementary Data online at http://diabetes 
.diabetesjournals.org/lookup/suppl/doi:10.2337/dbll-0649/-/DCl. 

© 2012 by the American Diabetes Association. Readers may use this article as 
long as the work is properly cited, the use is educational and not for profit, 
and the work is not altered. See http://creativecommons.org/licenses/by 
-nc-nd/3.0/ for details. 



diabetes.diabetesjournals.org 



when compared with corresponding controls (3-6). The 
endocannabinoid system acts through the type 1 and 2 
cannabinoid receptors (CB1 and CB2) (4,7,8). GPR55 is 
a seven-transmembrane G protein-coupled receptor that 
shares only 13.5% sequence identity with the CB1 receptor 
and 14.4% with the CB2 receptor (9). The differences be- 
tween their sequences are in agreement with the distinct 
relative affinities of ligands established for CB1 or CB2 
receptors and GPR55. 

The pharmacology of GPR55 has provided intri- 
cate results (9-13), and a recent article suggests that l- 
a-lysophosphatidylinositol (LPI) has GPft55-independent 
actions in endothelial cells (14). However, it is generally 
accepted that LPI is an endogenous ligand of GPR55 (15- 
18) because stimulation of this receptor upon LPI treatment 
evokes an intracellular calcium concentration ([Ca 2+ ]0 rise 
in several cell types. LPI belongs to the class of lysophos- 
pholipids and is generated by phosphatidylinositol hydrolysis 
via the action of the calcium-dependent phospholipase A2 
(19) and calcium-independent phospholipase Al (20). LPI is 
involved in numerous physiological actions, including repro- 
duction, angiogenesis, apoptosis, and inflammation, among 
others (21), which are closely related to adipose tissue biology. 

Most studies on the pharmacological properties of GPR55 
have used HEK293 cells transfected with GPR55. However, 
despite its wide distribution (22,23), the physiological func- 
tion of GPR55 in vivo remains largely unknown. Recent 
reports indicate that GPR55 plays an important role in in- 
flammatory pain (24) and in the regulation of bone physi- 
ology by regulating osteoclast number and functions as well 
as bone turnover in vivo (17), and the LPVGPR55 system 
also has been involved in cancer (12). To our knowledge, 
there are no available data on the expression of GPR55 in 
human tissues or the possible involvement of LPI in energy 
homeostasis. 

Herein, we sought to investigate the potential role of the 
LPI/GPR55 system in human adiposity. We demonstrate 
for the first time that GPR55 is present in human visceral 
and subcutaneous adipose tissue (VAT and SAT, respec- 
tively), as well as in the liver. It is important that GPR55 
expression in VAT was positively associated with obesity 
and type 2 diabetes. Consistently, plasma LPI levels were 
higher in obese patients in comparison with lean subjects. 
Ex vivo studies using both adipose tissue explants and 
differentiated primary adipocytes show that LPI increased 
the expression of genes stimulating fat deposition in VAT 
explants. Furthermore, in differentiated adipocytes from 
visceral fat of obese patients, LPI raised [Ca 2+ ]i. 

RESEARCH DESIGN AND METHODS 

Cohort 1. A total of 95 Caucasian subjects were recruited from healthy vol- 
unteers and patients attending the Departments of Endocrinology and Surgery 
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at the Clmica Universidad de Navarra. Patients underwent a clinical assess- 
ment, including medical history, physical examination, body composition 
analysis, and comorbidity evaluation. Obesity was classified according to BMI 
(>30 kg/m 2 ). Body fat was estimated by air-displacement plethysmography 
(Bod-Pod; Life Measurements, Concord, CA) (25). Obese patients were further 
subclassified according to three established diagnostic thresholds for diabetes: 
i) normoglycemia (NGT), fasting plasma glucose (FPG) <100 mg/dL and 
plasma glucose (PG) <140 mg/dL 2 h after an oral glucose tolerance test 
(OGTT); 2) impaired glucose tolerance (IGT), FPG between 100 and 125 mg/dL 
or PG between 140 and 199 mg/dL 2 h after an OGTT; and 3) type 2 diabetes, 
FPG >126 mg/dL or PG >200 mg/dL 2 h after an OGTT (26). Type 2 diabetic 
subjects were not receiving insulin therapy or medication likely to influence 
endogenous insulin levels. 

The VAT (n = 68) and SAT (n = 59) samples were collected from patients 
undergoing either Nissen fundoplication (for hiatus hernia repair in lean vol- 
unteers) or Roux-en-Y gastric bypass (for morbid obesity treatment in obese 
subjects). Tissue samples were immediately frozen and stored at -80°C. He- 
patic gene expression levels of GPR55 were assessed in a subgroup of subjects 
(n = 38), from which 25 of 38 corresponded to the same individuals in whom 
adipose tissue samples were collected. Although an intraoperative liver biopsy 
can be performed in obese patients undergoing bariatric surgery, this procedure 
is not clinically justified in lean subjects. The study was approved, from an 
ethical and scientific standpoint, by the hospital's ethical committee responsible 
for research, and written informed consent of participants was obtained. 
Cohort 2. VAT samples from 64 consecutive subjects (35 with NGT, 17 with IFG, 
and 12 with type 2 diabetes) were obtained at the Endocrinology Service of the 
Hospital Universitari Dr. Josep Trueta (Girona, Spain). BMI was between 20 and 
68 kg/m 2 . Adipose tissue samples were obtained from visceral depots during 
elective surgical procedures (cholecystectomy, surgery of abdominal hernia, and 
gastric bypass surgery). All subjects were of Caucasian origin and reported that 
their body weight had been stable for at least 3 months before the study. Liver 
and renal diseases were specifically excluded by biochemical workup. All sub- 
jects gave written informed consent after the purpose of the study was explained 
to them. The study was approved, from an ethical and scientific standpoint, by 
the ethical committee of the Hospital Universitari Dr. Josep Trueta. Adipose 
tissue samples were washed, fragmented, and immediately flash frozen in liquid 
nitrogen before storage at -80°C. To perform the isolation of adipocytes and the 
stromal vascular fraction (SVF), nonfrozen tissues were washed three to four 
times with phosphate-buffered saline and suspended in an equal volume of 
phosphate-buffered saline supplemented with 1% penicillin-streptomycin and 
0.1% collagenase type I prewarmed to 37°C. The tissue was placed in a shaking 
water bath at 37° C with continuous agitation for 60 min and centrifuged for 5 
min at 300-500$ at room temperature. The supernatant, containing mature adi- 
pocytes, was recollected. The pellet was identified as the SVF cell. 
Blood assays. Plasma samples were obtained by venipuncture, after an 
overnight fast, from individuals of cohort 1, centrifuged at 1,300$ for 10 min, 
and stored at -80°C. Glucose and insulin, total cholesterol, HDL cholesterol, 
LDL cholesterol, high-sensitivity C-reactive protein, and leptin were measured 
as previously described (27-29). Please see Supplementary information for details. 
LPI analysis. Plasma samples for the measurement of LPI were obtained from 
78 individuals of cohort 1 (Supplementary Table 1). Total LPI was calculated by 
combining 16:0, 18:0, and 20:4 LPI measurements as previously reported (30). 
Please see Supplementary information for details. 

Ex vivo experiments using SAT and VAT explants. Samples of VAT and 
SAT were immediately transported to the laboratory (5-10 min), cut into small 
pieces, and processed as previously described (31). The experiment was per- 
formed in five replicates for each adipose tissue sample and treatment. In these 
experiments, SAT and VAT explants were used. To evaluate cell integrity, lactate 
dehydrogenase activity released from damaged cells was analyzed by the Cyto- 
toxicity Detection Kit (Roche Diagnostics, Mannheim, Germany) according to 
the manufacturer's instructions in all treatments. The doses were selected based 
on previous reports (32,33). Please see Supplementary information for details. 
Effect of LPI on [Ca 2+ ]i in visceral and subcutaneous adipocytes. Human 
SVF cells were isolated from VAT and SAT from obese subjects undergoing 
open abdominal surgery (gastrointestinal bypass) as previously described (34). 
Please see Supplementary information for details. 

RNA extraction and real-time PCR. Adipose tissue and liver RNA isolation 
was performed as previously described (35). Primers or TaqMan probes en- 
compassing fragments of the areas from the extremes of two exons were 
designed to ensure the detection of the corresponding transcript, avoiding ge- 
nomic DNA amplification (Supplementary Table 2). The cDNA was amplified as 
previously reported (35). Please see Supplementary information for details. 
Western blotting. White adipose tissue (WAT) was homogenized, and protein 
was extracted as previously reported (36). Please see Supplementary infor- 
mation for details. 

Statistical analysis. Statistical analyses were performed using the SPSS 12.0 
software statistical package (SPSS, Chicago, IL). Unless otherwise stated, 



descriptive results of continuous variables are expressed as mean ± SE for 
Gaussian variables. Variables that did not fulfill a normal distribution were 
logarithmically transformed for subsequent analyses. The relation between var- 
iables was analyzed by simple correlation (Pearson x 2 test) and multiple re- 
gression analyses. ANOVA was used to compare NGT, IGT, and type 2 diabetic 
subjects followed by pairwise post hoc tests. For [Ca 2+ ]i measurements, un- 
paired t test was used. Levels of statistical significance were set at P < 0.05. 



RESULTS 

The main anthropometric and biochemical characteristics 
of the two cohorts are shown in Table 1. 
Relative GPR55, CB1, and CB2 mRNA expression in 
WAT. The gene expression of GPR55 (Fig. 1A), CB1 (Fig. 
LB), and CB2 (Fig. 1(7) was higher in the VAT of obese 
patients in comparison with lean subjects from cohort 1. 
Within obese patients, GPR55, CB1, and CB2 mRNA levels 
were increased in the VAT of subjects with type 2 diabetes 
when compared with NGT and IGT obese patients (Fig. 1A 
and C). The expression of the three receptors was also 
assessed in the SAT, where we failed to detect CB2 gene 
expression. The pattern of expression of GPR55 and CB1 
was quite similar to that observed in VAT. Both GPR55 
(Fig. ID) and CB1 (Fig. IE) were higher in the SAT from 
obese diabetic patients when compared with obese NGT 
and IGT patients in cohort 1. Consistent with results ob- 
tained in cohort 1, GPR55 gene expression was increased 
in the VAT of obese diabetic patients when compared with 
obese NGT and IGT patients in cohort 2 (Fig. IF). In ac- 
cordance with the gene expression data, we found that 
GPR55 protein levels were significantly increased in the 
VAT from obese patients in comparison with lean subjects 
(Fig. IG). Similar to that observed for GPR55 gene expres- 
sion, the protein levels of this receptor were increased in 
type 2 diabetic patients when compared with NGT patients 
(Fig. 1H). In addition, we compared GPR55 mRNA (Fig. 17) 
and protein (Fig. 1 J) expression levels between VAT and SAT 
from the same individuals and found that GPR55 levels were 
significantly lower in SAT. Finally, CB1 mRNA expression 
was also higher in VAT when compared with SAT (Fig. IK). 

In a multivariate linear regression analysis, BMI emerged 
as a significant predictor of GPR55 gene expression, ex- 
cept in men from cohort 2 (Supplementary Table 3). The 
higher expression of GPR55 in obese patients in compar- 
ison with lean subjects from cohort 1 was in agreement 
with a positive correlation between VAT GPR55 levels and 
body weight (Fig. 2A), BMI (Fig. 2B), circulating LPI levels 
(Fig. 2C), and percent fat mass (Supplementary Table 4). 
Given that some groups were not exactly matched for sex, 
an analysis was performed to verify whether the observed 
differences were due to sex. A correlation was constructed 
considering only men or women, and the results showed that 
VAT GPR55 expression exhibited significantly higher levels 
with increasing BMI in both sexes (Supplementary Table 4). 
On the contrary, we did not find a significant correlation 
between SAT GPR55 mRNA levels with any of the variables 
studied (Supplementary Table 4). Contrary to GPR55, VAT 
CB1 expression was not correlated to BMI (Supplementary 
Table 5), although SAT CB1 expression showed such a cor- 
relation, but only in women (Supplementary Table 5). 

Similar to cohort 1, we also found that VAT GPR55 
mRNA levels were positively associated with body weight 
(Fig. 2D), BMI (Fig. 2E), and percent fat mass (Supple- 
mentary Table 6) in the subjects of cohort 2. Thus, GPR55 
gene expression levels were increased in the VAT of obese 
patients in both cohorts, and the correlation of GPR55 gene 
expression with weight, BMI, and fat mass was especially 
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TABLE 1 



Anthropometric and analytical characteristics of subjects in cohorts 1 and 2 













Subjects 








Lean 


Obese NGT 


Obese IGT 


Obese T2DM 


P 


Cohort 1 


n (men/women) 


5 (2/3) 


34 (13/21) 


27 (14/13) 


29 (13/16) 




Age (years) 
BMI (kg/m 2 ) 


38 




4 


38 ± 2 


42 ± 2 


47 ± 2tt 


<0.001 


21.3 


+ 


1.1 


42.7 ± LP* 


46.0 ± 1.2** 


47.6 ± 1.8** 


<0.001 


Body fat (%) 


26.5 


+ 


2.8 


48.3 ± 1.6** 


53.3 ± 1.0** 


50.6 ± 1.5** 


<0.001 


Fasting glucose (mg/dL) 


86.8 


+ 


3.5 


89.0 ± 1.7 


105.2 ± 2.2 


139.9 ± 10.9** tt,## 


<0.001 


Fasting insulin (|jiU/mL) 


8.2 


+ 


1.7 


17.4 ± 1.6* 


18.0 ± 2.3* 


20.2 ± 2.6* 


0.012 




Cholesterol (mg/dL) 


192 


+ 


10 


181 ± 8 


208 ± 8 


205 ± 8 


0.066 


LDL cholesterol (mg/dL) 


118 


+ 


10 


119 ± 6 


130 ± 7 


133 ± 8 


0.443 


HDL cholesterol (mg/dL) 


58 


+ 


2 


41 ± 2* 


49 ± 2t 


42 ± 2* 


<0.001 


Leptin (ng/mL) 


7.8 


+ 


1.5 


48.0 ± 5.4* 


60.8 ± 6.4** 


61.9 ± 8.5** 


0.003 


hsCRP (mg/L) 


1.8 


+ 


0.3 


6.6 ± 1.3 


12.8 ± 2.3* t 


9.0 ± 1.5 


0.011 


AUC glucose 








15.7 ± 0.6 


20.3 ± 0.6ttt 


26.2 ± 1.5ttt 


0.001 


AUC insulin 








13.0 ± 1.4 


11.8 ± 1.2 


7.6 ± 1.3 


0.055 


HOMA-IR 


1.7 


+ 


0.3 


4.8 ± 0.7 


4.7 ± 0.6 


7.1 ± 1.3f 


<0.05 


Cohort 2 


n (men/women) 








35 (14/21) 


17 (5/12) 


12 (4/8) 




Age (years) 








48.4 ± 11.6 


47 ± 14.2 


44 ± 11.1 


0.7 


BMI (kg/m 2 ) 








39.0 ± 1.6 


40.2 ± 1.9 


41.2 ± 1.6 


0.7 


Body fat (%) 








40.2 ± 1.02 


50.3 ± 1.5 


52.1 ± 2.5 


0.4 


Fasting glucose (mg/dL) 








86.6 ± 1.3 


110.2 ± 2.1 


213.1 ± 19.8 


<0.001 


Triglycerides (mg/dL) 








114.7 ± 15.4 


149 ± 17.2 


200.7 ± 45.2 


0.049 


HDL cholesterol (mg/dL) 








56.9 ± 3.8 


54.2 ± 4.2 


47.2 ± 3.5 


0.28 


LDL cholesterol (mg/dL) 
















Fasting insulin (|jiU/mL) 








12.3 ± 3.1 


29.1 ± 4.7 


30.2 ± 7.6 


0.2§ 





Data are mean ± SEM. Differences between groups were analyzed by one-way ANOVA followed by Tukey post hoc tests. T2DM, type 2 
diabetes mellitus; hsCRP, high-sensitivity C-reactive protein; AUC, area under the curve; HOMA-IR, homeostasis model assessment of insulin 
resistance. *P < 0.05 vs. lean. **P < 0.01 vs. lean. fP < 0.05 vs. obese NGT. f fP < 0.01 vs. obese NGT. f f fP < 0.001 vs. obese NGT. ##P < 0.01 
vs. obese IGT. §These values are representative of only 13 subjects rather than the 64 subjects used for the other parameters. 



significant in women in both cohorts (Supplementary Tables 
4 and 7). Therefore, we can conclude that GPR55 gene 
expression is specifically increased in VAT, but not SAT, of 
obese subjects. 

Relative GPR55 mRNA expression in adipocytes ver- 
sus the SVF. We then studied which fraction of the adi- 
pose tissue accounted for this increased expression. To 
address this issue, we used human visceral fat and sub- 
cutaneous fat and separated the adipocyte fraction from 
the SVF. In visceral fat, adipogenic genes (FASN, ACC, and 
SREBP) were significantly increased in the adipocyte frac- 
tion (Supplementary Fig. 1A-C), whereas CD14 (monocyte 
marker) was significantly increased in the SVF (Supple- 
mentary Fig. ID). The GPR55 gene was similarly expressed 
in both the adipocyte fraction and the SVF (Supplementary 
Fig. LET). Similar results were obtained in SAT (data not 
shown). 

Circulating LPI levels in lean and obese subjects. 

Next, we assessed plasma LPI levels, the only known en- 
dogenous ligand of GPR55, in lean and obese subjects 
from cohort 1. We found that total LPI was significantly 
increased in obese patients in comparison with lean sub- 
jects (Fig. 3A). Similar to plasma total LPI levels, we found 
that all three individual LPI species measured — 16:0 LPI 
(Fig. 3B), 18:0 LPI (Fig. 3C), and 20:4 LPI (Fig. 3D)— also 
were increased in the three groups of obese patients when 
compared with lean volunteers, with the exception of 18:0 
LPI in type 2 diabetic patients. 



Plasma LPI levels were not correlated with body weight or 
BMI when men and women were analyzed together (data not 
shown). However, when a correlation was constructed con- 
sidering only men or women, the results showed that plasma 
LPI exhibited significantly higher levels with increasing body 
weight (Fig. 3E), BMI (Fig. 3F), and fat percentage (Fig. 3G) 
in women but not men (Supplementary Table 7). Finally, we 
also found that plasma LPI correlates with LDL levels in 
women but not men (Supplementary Table 7). It is impor- 
tant that circulating levels of total LPI (Fig. 3H), 16:0 LPI 
(Fig. 37), 18:0 LPI (Fig. 3J), and 20:4 LPI (Fig. 3K) were not 
significantly different between men and women. 
Effects of LPI on human adipose tissue explants. After 
demonstrating that VAT GPR55 and plasma LPI correlate 
with obesity, we then assessed the direct effects of LPI on 
explants obtained from SAT and VAT. LPI (1 and 10 |xmol/L) 
increased the expression of genes promoting the synthe- 
sis of fatty acids, including fatty acid synthase (Fig. 4A) 
and acetyl CoA carboxylase (Fig. 4B), in explants from 
VAT. Both doses of LPI also triggered the expression of 
peroxisome proliferator-activated receptor 7 (PPAR7) (Fig. 
4(7), which plays an important role in adipocyte differenti- 
ation. Other adipokines, such as leptin (Fig. 4D) and adi- 
ponectin (Fig. AE), tended to show a slight increase in their 
expression, but the differences were not statistically sig- 
nificant. The expression of GPR55 was significantly upre- 
gulated by LPI at both doses (Fig. AF) in adipocytes from 
VAT. In contrast to the findings obtained in VAT, LPI did 
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FIG. 1. mRNA expression of GPR55 (A), CB1 CB), and CB2 (C) in VAT obtained from lean and obese subjects in cohort 1. mRNA expression of GPR55 
(Z>) and CB1 (i?) in SAT obtained from lean and obese subjects in cohort 1. mRNA expression of GPR55 (F) in VAT obtained from lean and obese 
subjects in cohort 2. Protein levels of GPR55 (G) in VAT obtained from lean and obese subjects in cohort 2. Dividing lines indicate splicings in the 
figure. Levels of GPR55 in the three different groups of obese patients (JT). mRNA expression of GPR55 in the visceral and subcutaneous fat from the 
same obese patients (/). Protein levels of GPR55 in the visceral and subcutaneous fat from the same obese patients (J). mRNA expression of CB1 in 
the visceral and subcutaneous fat from the same obese patients (TO- Obese subjects were subclassified as NGT, IGT, and type 2 diabetic. The relative 
amounts of mRNA were normalized to the value of NGT. T2D, type 2 diabetes; Vise, visceral; Subc, subcutaneous. #P < 0.05, ##P < 0.01, ###P < 
0.001 vs. lean subjects; *P < 0.05, **P < 0.01 vs. NGT. 
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FIG. 2. Correlation between VAT GPR55 and body weight (.4), BMI (2?), and circulating LPI (C) in individuals from cohort 1. For cohort 1, we 
performed the correlations using only obese individuals, and the cutoff value as a diagnosis of obesity was BMI >30 kg/m 2 . Correlation between 
VAT GPR55 and body weight (D) and BMI (#) in individuals from cohort 2. 



not modify the expression of any of the studied genes in 
explants obtained from SAT (Fig. 4G-L). 
Effects of LPI on [Ca 2+ ]i in cultured differentiated 
human adipocytes. LPI has previously been shown to in- 
crease [Ca 2+ ]i in HEK293 cells expressing GPR55 (15,16) as 
well as in rat pheochromocytoma PC 12 cells (37). Given 
that increases in [Ca 2+ ]i have been associated with lipo- 
genesis in adipocytes (38), we next analyzed whether LPI 
was capable of enhancing [Ca 2+ ]i in cultured differentiated 
adipocytes obtained from SVF of VAT and SAT of obese 
patients. For this purpose, after a 9-day differentiation 
period, VAT and SAT adipocytes were loaded with the cal- 
cium sensitive probe Fura 2-AM (Sigma Aldrich, St. Louis, 
MO), and [Ca 2+ ]i was monitored over time (8-10 min) in the 
absence and presence of LPI. We found that exposure of cells 
to 5 |xmol/L LPI induced a substantial rise in [Ca 2+ ]i in 48.4% 
of differentiated VAT adipocytes (46 of 95 cells; n = 3 



independent experiments) and in 24.4% of differentiated 
SAT cells (29 of 119 cells; n = 3 independent experiments) 
(Fig. bA and C, respectively). In terms of response intensity, 
differentiated VAT adipocytes treated with 5 |xmol/L LPI 
exhibited an increase in [Ca 2+ ]i significantly higher than that 
observed in differentiated SAT adipocytes (43.18 ± 2.77% 
vs. 19.69 ± 1.93% above basal levels in VAT and SAT, respec- 
tively; P < 0.001) (Fig. 5B and D, respectively). 
Relative GPR55 mRNA expression in the liver. In ad- 
dition to its expression in adipose tissue, we also found 
that GPR55 is expressed in the liver. No significant dif- 
ferences in hepatic GPR55 gene expression levels between 
NGT, IGT, and type 2 diabetic obese patients were observed 
(Supplementary Fig. 2). 

Effect of LPI on adipocyte differentiation of 3T3-L1 
ceUs. When 3T3-L1 cells were treated with LPI (1 and 10 
(xmol/L) during 10 days, we found no alteration in the Oil 
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FIG. 3. Circulating levels of total LPI 04), 16:0 LPI CB), 18:0 LPI (C), and 20:4 LPI (Z>) in the plasma obtained from lean and obese subjects in 
cohort 1. Correlation between circulating levels (plasma obtained from a subset of individuals from cohort 1) of total LPI and body weight (i?), 
BMI (F), and fat percentage (G) in women. Circulating levels of total LPI GET), 16:0 LPI (J), 18:0 LPI (J), and 20:4 LPI (#) in the plasma obtained 
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FIG. 5. Representative profiles of the effects of LPI (5 njimol/L) on [Ca 2+ ]i in cultured differentiated human adipocytes obtained from visceral 04) 
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Red O staining in comparison with control cells (Supple- 
mentary Fig. 3). Thus, these results indicate that LPI may 
act differently in human and rodent adipocytes. 
Relative GPR55 levels in WAT of obese animals. Mice 
lacking leptin (Supplementary Fig. 4A) and rats fed a high- 
fat diet (45% by energy) (Supplementary Fig. 4B) showed 
significantly decreased GPR55 mRNA levels in WAT when 
compared with lean animals. Accordingly, GPR55 protein 
levels were also decreased in both obese models (Supple- 
mentary Figs. 4C and D). Therefore, these findings suggest 
that GPR55 is differentially regulated in humans and 
rodents. 



DISCUSSION 

The endocannabinoid system is overactive in WAT of obese 
patients, thereby contributing to excessive visceral fat ac- 
cumulation and obesity-associated complications (4,6,39). 
GPR55 has been described as a putative receptor for atypical 
cannabinoids (9,40,41). However, its clinical implications 
remain largely unknown. Herein, we demonstrate that 
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GPR55 is expressed in human SAT, VAT, and liver. Our 
findings, obtained in two independent cohorts, indicate 
that GPR55 mRNA levels are increased in VAT and SAT of 
obese subjects in comparison with lean volunteers. 
Moreover, VAT but not SAT GPR55 expression is posi- 
tively associated with type 2 diabetes. Of interest, corre- 
lations between VAT GPR55 gene levels and weight, BMI, 
and percent body fat are stronger in women than in men. 
Consistently, plasma LPI levels are also increased in obese 
patients and positively correlated with weight, BMI, and 
percent body fat in women. Finally, we show that in 
explants obtained from VAT, LPI triggers the mRNA levels 
of genes promoting lipogenesis, and in cultured differen- 
tiated adipocytes obtained from VAT, LPI raises [Ca 2+ ]i. 
However, we found that LPI evoked minor responses in 
adipose tissue explants or in cultured differentiated adipo- 
cytes obtained from SAT, suggesting that the YPVGPR55 
system is particularly important in VAT. 

In rodents, GPR55 mRNA has been detected throughout 
the central nervous system (22) and in peripheral tissues 
(23). Our study is the first to show that GPR55 mRNA is 
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expressed in human tissues, and its regulation is tissue spe- 
cific because GPR55 expression in WAT, but not liver, is 
particularly upregulated in diabetic patients when compared 
with NGT obese individuals. Specifically, GPR55 is found at 
similar concentrations in both adipocytes and the SVF of fat 
tissue, indicating that this receptor is also present in other 
cell types in the SVF, such as mononuclear cells (mono- 
cytes, macrophages, and lymphocytes), among others. The 
current findings are consistent with previous reports de- 
monstrating that GPR55 is located in human monocytes 
(17). In obese states, the SVF is largely infiltrated by mono- 
nuclear cells in comparison with normal conditions. 

Although endocannabinoid levels are increased in obesity 
(39), data on CB1 gene expression in WAT is controversial 
because reduced (39), increased (42), or unchanged (43) 
expression between obese and lean subjects has been re- 
ported. In the current work, we detected higher CB1 mRNA 
levels in the adipose tissue of obese patients. Although the 
discrepancies for those differences are unknown, a plau- 
sible explanation might be the different populations used 
by the studies. Similar to CB1, CB2 and GPR55 mRNA 
levels in the VAT of obese subjects were also increased, 
indicating the lack of a negative feedback loop between 
circulating endocannabinoids and these three cannabinoid 
receptors. The similar pattern of expression of the three 
receptors in obese and diabetic patients also suggests that 
some of their metabolic functions might be overlapped or 
compensated. This is an important issue because specific 
drugs for each receptor also might act through the other 
two receptors when the drug is administered at high doses 
or during long-term treatments. As a matter of fact, a re- 
cent pharmacological study suggests that low concentra- 
tions of rimonabant specifically block CB1 receptors, but 
higher doses or long-term treatment also could be tar- 
geting GPR55 (44). Other reports carried out in HEK 
cells show that the endocannabinoids anandamide and 
2-arachidonoylglycerol also have a low affinity by GPR55 
(16,23,45). Thus, GPR55 activation could be contributing 
to the biological activity in situations wherein endocanna- 
binoid levels are markedly increased. 

Despite activation of GPR55 by cannabinoids, it is well 
accepted that LPI is its more potent endogenous ligand 
known up to date (15-18). Plasma LPI levels previously 
have been found to be increased in patients with ovarian 
cancer, thereby considering LPI as a biomarker for this 
disease (30,46,47). However, to our knowledge, no reports 
have studied the interaction between LPI levels and me- 
tabolism. Similar to GPR55 expression, we found that 
plasma LPI is increased in obesity, suggesting that the LPI/ 
GPR55 system is overactive in obese states. It is well 
known that visceral fat accumulation represents a key 
pathophysiologic mechanism for the clustering of meta- 
bolic abnormalities, including insulin resistance and type 2 
diabetes (48). We found that within obese patients, GPR55 
gene levels in VAT and SAT are significantly increased in 
diabetic subjects, suggesting that this receptor may play 
a pivotal role in the development of insulin resistance and 
the pathogenesis of type 2 diabetes. GPR55 gene expres- 
sion in VAT, but not SAT, was positively correlated with 
several anthropometric parameters, such as body weight 
and BMI, in the two cohorts examined. It is interesting that 
when men and women are analyzed separately, VAT 
GPR55 shows a stronger correlation with weight, BMI, and 
fat percentage in women. Marked sex differences have 
been reported with regard to degrees of insulin resistance, 
body composition, and energy balance (49). Our results 
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showing that VAT GPR55 mRNA expression is correlated 
with weight, BMI, and percentage body fat in women 
suggest that estrogens might be relevant to the GPR55 
signaling pathway. Of import, the correlation of plasma LPI 
levels to weight, BMI, and percentage body fat is almost 
identical to that of VAT GPR55 because those correlations 
were positive in women but not men. This sexual dimorphism 
in gene expression and circulating levels has been observed 
previously in other hormones with important metabolic im- 
plications, such as leptin gene expression (50) or circulating 
leptin concentrations (51). 

Because both LPI and VAT GPR55 showed a clear 
upregulation in obese patients and were correlated with im- 
portant metabolic parameters, we next sought to investigate 
the direct actions of this system on adipose tissue explants 
and isolated adipocytes. Our findings indicate that in ex- 
plants obtained from VAT, LPI induced lipid storage by 
stimulating lipogenic genes and promoted adipocyte differ- 
entiation by increasing PPAR7 expression. Although GPR55 
was also present in SAT, the treatment of explants from 
SAT with LPI did not modify the expression of any of the 
genes studied. Consistent with the gene expression studies 
and the lipogenic action of [Ca 2+ ]i in adipocytes (38), LPI 
elicited a significantly higher effect in [Ca 2+ ]i in cultured 
differentiated adipocytes from VAT than in those from SAT, 
both in terms of percentage of responsive cells and the 
magnitude of the [Ca 2+ ]i increase. Indeed, although the 
doses of LPI tested herein are similar to others used in pre- 
vious works (32,33), they are higher than plasma concen- 
trations observed in obese patients, but overall, these results 
indicate that LPI directly favors a condition of lipid de- 
position within adipocytes from VAT. Given the specific 
correlations between LPVGPR55 and several metabolic 
parameters in women, further studies will be necessary 
to address if estrogens can interfere in the biological 
actions of LPI. In this sense, it is important to point out 
that body fat is differentially distributed in men and 
women, with men exhibiting more visceral fat than 
women, in whom subcutaneous fat predominates (49). 
The different distribution of fat between both sexes might 
have clear implications in the metabolic actions of the 
LPVGPR55 system. It is also important to point out 
that LPI is esterified by the enzyme l-acylglycerol-3- 
phosphate-O-acyltransf erase 3 (AGPAT3), which is ubiq- 
uitously expressed in human tissues (52). Thus, it is 
tempting to speculate that the tissue-specific actions of LPI 
might be explained by the distinct grade of activity of this 
enzyme in those fat depots. It is also important to point out 
that the role of the LPVGPR55 system in obesity appears to 
be species dependent because LPI did not modify adipo- 
genecity in 3T3-L1 cells and GPR55 mRNA, and protein 
expression is decreased in obese rodent models compared 
with their lean controls. Further studies in rodents as- 
sessing LPI levels in different pathophysiological models 
are merited to precisely clarify this issue. 

In addition to adipose tissue, we also detected the ex- 
pression of GPR55 in the liver. However, we failed to de- 
tect significant changes in expression between the various 
subgroups of obese patients. Although further studies 
should elucidate the expression of this receptor in other 
tissues with metabolic functions, including the gastrointes- 
tinal tract, skeletal muscle, or pancreas, our current findings 
suggest that VAT GPR55 may be the most important one 
regarding energy homeostasis. 

In summary, our findings obtained in two independent 
cohorts demonstrate that 7) GPR55 levels are increased in 
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both VAT and SAT of obese subjects; 2) VAT GPR55 is 
positively correlated with weight, BMI, and percentage 
body fat, particularly in women; 3) hepatic GPR55 gene 
expression remains unchanged in obese and diabetic sub- 
jects; 4) circulating LPI levels are increased in obesity and 
correlated with weight, BMI, and fat percentage in women; 
and 5) LPI increases [Ca 2+ ]i and the expression of lipogenic 
enzymes specifically in differentiated adipocytes from 
VAT. This work suggests that the LPVGPR55 system is a 
new metabolic pathway of clinical relevance. Further stud- 
ies are required to investigate the potential role of agonists/ 
antagonists for GPR55 in obesity and insulin sensitivity. 
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